Abstract: This paper proposes a distributed parameter-based voltage stability index (DPVSI) for assessment of voltage stability of the power system. Proposed index incorporates the effects of distributed parameters of transmission line to predict voltage collapse. Critical loading of different lines is determined by raising active/reactive loading of different lines till the index reaches its critical value. Different contingencies are also ranked on the basis of index. Reactive power margin of the system is measured by mapping the index value in terms of reactive power margin of the system. The proposed index is investigated on IEEE 30-bus and 118-bus test systems to prove its potential. His research interests include AI applications to power systems, power system operation and control, smart grid, power system dynamics and voltage stability studies, FACTS devices and renewable integration in power systems.
PUBLIC INTEREST STATEMENT
The continuous increase in energy demand leads existing power systems to operate under a stressed condition. The stressed condition may create a low voltage/voltage collapse in many parts of power systems which is known as voltage instability. The online assessment of voltage stability state of the power system plays a vital role in the reliable operation as well as uninterrupted supply. Therefore, this research work proposes a voltage stability index which assesses the voltage stability of power systems. The proposed index identifies the critical lines and buses which are threat to voltage security of the system. Planners can also use the index to find reactive power margin available in the line. The proposed index is rigorously tested for various possible conditions on IEEE 30 and 118-bus test systems. It is observed that the proposed index is capable to indicate the voltage stability state accurately for all possible operating conditions.
Introduction
In the past few decades, the demand for electric power is rapidly increasing which yields increased complexity in the interconnected power system. Therefore, it is very arduous to plan, analyze and operate the interconnected system (Taylor) . As the power system operates under stressed conditions, it becomes more prone to voltage stability issues (Kundur, Balu, & Lauby, (1994) . The voltage instability problem has got more attention during past decades due to the proliferate blackouts that occurred in some of the countries (Ajjarapu, 2007; Momoh, 1991) . The problem related to voltage instability in a power system is one of the influential criteria in power system planning and operation (Wang et al., 2014; Amjady & Velayati, 2011) . The voltage instability arises due to insufficient reactive power support. This can be overcome considerably by proper allocation of adequate reactive power sources at appropriate locations (Kessel & Glavitsch, 1986) . To achieve this, ingenious and vigorous approach is required. The voltage stability analysis can be broadly classified as into dynamic and static analysis. The static voltage stability methods depend mainly on the steady-state model in the analysis, such as power flow model or a linearized dynamic model described by the steady-state operation. The dynamic analysis implies the use of a model, characterized by nonlinear differential and algebraic equations, which include generators dynamics, tap changing transformers etc. through transient stability simulations (Prada & Santos, 1999; Reis & Maciel-Barbosa, 2006; Wu, Zhang, & Chen, 2009 ).
During the past few decades, researchers have devised various approaches to analyzing voltage stability. These can be bifurcated into two broad categories namely graphical approach and analytical approach. The graphical approach contains P-V curves and Q-V curves (Guimares, Fernandez, & Ocariz, 2011; Mohn & Zambroni-De-Souza, 2006) . These approaches are time-consuming as it requires repeated application of load flow, whereas the analytical approach is based upon calculation of voltage stability indices like jacobian matrix singularity indices (Araposthatis, Sastry, & Varaiya, 1981; Gao, Morison, & Kundur, 1992; Lof, Smed, Andersson, & Hill, 1992 ), thevenin's equivalent-based index (An, Zhou, Yu, & Zhang, 2006; Smon, Verbic, & Gubina, 2006) , active and reactive voltage stability index (P-VSI and Q-VSI) (Jamian, Musa, Mustafa, Mokhlis, & Adamu, 2014) , short-circuit capacity-based voltage stability index (SCC-VSI) (Xu et al., 2016) , simplified voltage stability index (SVSI) (Perez-Londono, Rodriguez, & Olivar, 2014) , voltage collapse proximity indicator (VCPI) (Chebbo, Irving, & Sterling, 1992; Moghavvemi & Faruque, 1998) , voltage instability predictor (VIP) (Julian et al., 2000) , L-index (Kessel & Glavitsch, 1986) , extended L-index (Wang et al., 2013) , improved voltage stability index (L I ) (Hongjie, Xiaodan, & Yixin, 2005) , line stability index (L mn ) (Moghavvemi & Omar, 1998) , line stability factor (LQP) (Mohamed, Jasmon, & Yusoff, 1989) , fast voltage stability index (FVSI) (Musirin & Rahman, 2002) , line collapse proximity index (LCPI) (Tiwari, Niazi, & Gupta, 2012) , line porosity coefficient index (POR) (Halilčević & Softić, 2016) , novel line stability index (NLSI) (Yazdanpanah-Goharrizi & Asghari, 2007) , equivalent node voltage collapse index (ENVCI) (Wang, Li, & Lu, 2009 ) and voltage stability index (L VSI ) (Shan-Hang). These indices use the elements of the bus admittance matrix and system variables such as bus voltages, bus angles and complex power flow through transmission lines.
From the literature survey, it has been observed that most of the voltage stability indices are based upon the approximate model of transmission line where line capacitance and resistance have been neglected. In Tiwari et al. (2012) , the transmission line is considered as equivalent pimodel where line parameters were assumed as lumped parameters. Prediction of the state of a system based on these approaches was erroneous due to the assumptions considered during development of these indices. A transmission system can be best represented by distributed parameters model. No efforts have being made so far to develop a voltage stability index considering distributed parameters of a transmission system. It is also observed from Tiwari et al. (2012) that voltage stability of line is affected by relative direction of active and relative power flow in the line. Therefore, effect of the relative direction of active and reactive power flow must be considered in developing an effective index. Moreover, the accurate loading margins can't be estimated by Moghavvemi and Omar (1998) and Musirin and Rahman (2002) , due to negligence of various parameters as discussed above. Considering these limitations and shortcomings of the existing indices, a new index is proposed to accurately predict the proximity of the actual system's operating point to the point of instability. Proposed index has following features:
• Distributed parameters of transmission system are accounted.
• Line resistance and shunt admittance are accounted.
• Incorporates the effect of the relative direction of active and reactive power in the line.
• Estimation of available reactive loading margin.
• Assessment of maximum loadability of the system.
• Identification of weak lines and nodes.
• Online measurement of voltage stability.
• Assessment of viability of new lines from voltage stability point of view at the planning stage.
• Indication of local as well as global voltage stability.
The effectiveness of the proposed index has been tested on IEEE 30-bus and 118-bus system under various operating conditions and compared with existing voltage stability indices.
In the following sections, some of the most common voltage stability indices have been briefly discussed to appreciate the proposed distributed voltage stability index (DPVSI).
Various voltage stability indices
Some of the established indices are L mn , FVSI and POR (Halilčević & Softić, 2016; Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) . A brief discussion of these indices is presented below.
Fast voltage stability index
The fast voltage stability index named FVSI has been defined by Musirin and Rahman (2002) . It is formulated from two bus representation of a system as shown in Figure 1 . The FVSI is defined as
where Z is the line impedance, X is the line reactance, P j and Q j are the active and reactive powers at the receiving end, respectively, V i is the bus voltage at the sending end. FVSI of a line near to unity indicates that the line is close to its stability limit. The shortcoming of this index is that when Q j 0, it indicates the respective line and thus, the system is always secure at that particular condition.
Line stability index
Moghavvemi and Omar derived the line stability index known as L mn , with the line flow data. The line stability index, as derived by Moghavvemi and Omar (1998) , can be represented as where θ is the impedance angle of line and δ ¼ δ i À δ j is the phase difference of sending and receiving end bus voltages, while all other variables are same as explained in Section 2.1. To maintain the voltage stability, the value of L mn should be less than unity. This index also suffers from the same problem as FVSI.
Line porosity coefficient index
The line's porosity coefficient index namely POR for voltage stability assessment of power system has been developed in Halilčević and Softić (2016) . Mathematically, POR can be expressed as
where X S is the reactance of porosity and X line is the transmission line reactance. To maintain the voltage stability, the value of POR should be greater than unity.
Proposed DPVSI
The indices proposed by Moghavvemi and Omar (1998) , Mohamed et al., (1989) , and Musirin and Rahman (2002) used the model of a medium transmission line. The line charging reactance and shunt conductance in deriving equations of indices are neglected and the parameters are assumed to be lumped by Moghavvemi and Omar (1998) , Mohamed et al. (1989) and Musirin and Rahman (2002) . However, the line charging reactance may support voltage stability of the system. In the existing indices (Moghavvemi & Omar, 1998; Mohamed et al., 1989; Musirin & Rahman, 2002) , the effect of distributed parameters was also neglected. As a result, the methods which utilize approximate model may not provide a precise prediction of voltage stability. Consequently, a distributed parameter based voltage stability index (DPVSI) is proposed based upon distributed parameters of transmission line, considering the effect of the relative direction of real and reactive power flow through the transmission line of the system. An exact model of long length transmission line is usually described by two-port equivalent pimodel. Therefore, the proposed index is derived using distributed parameters of pi-model of a long length transmission line. The pi-model of a long length transmission line of a two bus system is shown in Figure 2 . The voltage and current relationship can be expressed as V s ¼ coshð γlÞ V r þ Z 0 sinhð γlÞ I r (4)
where Z 0 and γ are known as the characteristic impedance and propagation constant, respectively, and they can be expressed as
where Z and Y denote the impedance and line charging admittance of line, respectively. The current at the receiving end of the line is expressed as
where P r and V r are the active power and voltage at the receiving end, respectively, while other variables are same as defined above. The sending end voltage V s of the line can be written from Equation (4) as
and tan
are phase angles of parameters Z 0 and γl, respectively. Substituting the value of I r obtained from Equation (8) into Equation (9), we get
Rearranging Equation (10) yields
where δ ¼ ðδ s À δ r Þ. Separating Equation (11) into real and imaginary parts, we obtain the following quadratic equation from the real part.
where
The roots of quadratic Equation (12) will be
To find real and nonzero values of V r , Equation (13) must have real and nonzero roots, which can be obtained by setting the discriminant of Equation (13) greater than0, i.e.
On the basis of Equation (14), it is concluded that the following condition must be satisfied to avoid voltage collapse of the system:
Distributed parameter based voltage stability index (DPVSI) for line "sr" can be described as
To maintain the voltage stability of the system, the proposed index must be less than unity, i.e.
where nt is equal to total number of transmission lines. The proposed index DPVSI sr has indeterminate form when the shunt admittance is 0. The term
will be equal to unity.
Therefore, the DPVSI sr can be modified as given below:
DPVSI sr of all the transmission lines are computed simultaneously and voltage stability state of different lines is measured on the basis of the index value. If a transmission line is at the brink of voltage instability, then the value of DPVSI sr of the line will be close to unity. The highest value of DPVSI sr is denoted as DPVSI which shows global voltage stability state of the system. The proposed index also considers the effect of relative direction of active and reactive power flow in a line. If P r and Q r flow in the same direction index value is high, conversely index value is low if active and reactive power flow in opposite direction. This proves that voltage stability condition of a line is a function of both magnitude and relative direction of real and reactive powers. Moreover, DPVSI sr is based upon distributed parameters of a long transmission line which improves the accuracy in measurement of voltage stability. In Equation (16), the parameters α l , β l , Z 0x and Z 0y are known for a given transmission network and P r , Q r and δ can be obtained online. Therefore, the proposed index is also a valuable tool for online voltage stability monitoring and prediction. The effectiveness of the proposed index has been investigated in the next section.
Test results and discussion
The IEEE 30-bus and IEEE 118-bus systems are considered with the different loading combination and different topology (i.e. contingency analysis) to appraise the potential of the proposed index. A MATLAB code is developed to perform the test and tolerance 10 À12 is considered for mismatch of power. The results are also compared with other indices L mn , FVSI and POR (Halilčević & Softić, 2016; Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) to prove its feasibility. The transmission lines whose DPVSI index are found too close to unity are denoted as critical lines.
IEEE 30-bus
As mentioned, the IEEE 30-bus test system (Power system test archive-UWEE) has been considered to examine different voltage stability indices under different loading pattern such as (Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) offer lower values in comparison to proposed index for branches 1-3, 6-2, 6-7 and 25-27 and for branches 6-4 and 25-24, other indices (Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) offer higher values in comparison to proposed index. The dissimilarity between the values of proposed index and the indices L mn and FVSI is due to the fact that index L mn and FVSI have neglected the effect of distributed parameters, line resistance and relative direction of active and reactive power flows. Equation (16) reveals that the value of proposed index is higher if the direction of active and reactive power flows is same. On the other hand, if the direction is different, then the value of the index is low. It is also observed that from Table 1 , when the resistances and shunt capacitances of branches (like 6-9, 6-10) are 0, then the value of indices L mn and DPVSI sr is consistent with each other because the direction of active power flow relative to reactive power flow has negligible effect. The results obtained by proposed index (DPVSI) are in agreement with the another voltage stability assessment index POR. Therefore, the proposed index works as an unerring tool for prediction of voltage collapse under all circumstances.
Single load change
In this case, the load has been changed at one particular node at a time and all other nodes are fixed at their base values. Various combinations are considered to accomplish this (Moghavvemi & Omar, 1998 ):
• Single load change with real load only
• Single load change with reactive load only
• Single load change with real and reactive load
Single load change with real load only
An exhaustive analysis is performed at all nodes and only two representative cases at nodes 6 and 27 are discussed. The voltage stability indices (Halilčević & Softić, 2016; Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) and proposed index values are calculated and presented in Table 2 . A heavy real load of value 6.487 p.u. at node 6 increases the index DPVSI to 0.8404. It shows that the transmission line 7-5 is the most critical line. The line 1-2 is the second most critical line. The results are confirmed by other indices but L mn and FVSI in some cases cross the unity. On the particular (Moghavvemi & Omar, 1998) FVSI ( 
Single load change with reactive load only
In this pattern of loadability, the reactive load at a single node is increased at a time. The value of voltage stability indices increases with the increase in reactive loading. The maximum reactive loading point at any selected node is identified as the reactive load for which DPVSI is close to unity. The load flow solution will diverge for any further augmentation in loading. The results of simulation are presented in Table 3 . A heavy reactive load of value 10.434 p.u. at node 6 increases the index DPVSI to 0.9821. It shows that line 2-6 is the most critical line. The criticality of line 2-6 is confirmed by L mn . For the line 8-6, the indices L mn and FVSI cross unity which denotes that voltage collapse had occurred. Therefore, these indices present the erroneous prediction of voltage instability. In some cases, a difference is observed in the identification of most critical line by proposed index and other indices. This is due to fact that these indices are based upon approximation and therefore, the indices values are not correct representation of actual voltage stability of line. Studies of results reveal that the proposed index provide promising information of system state during heavy reactive loading.
Single load change with real and reactive load
In an actual electric power system, the real and reactive load changes simultaneously. In this case, the real and reactive load at a particular node are varied in same proportion. The loads at all other nodes are fixed at base values. As shown in Table 4 when both real and reactive loads are augmented gradually at node 6 up to a level of very close to voltage collapse, then it is observed that the line 5-2 is the most critical line with an index value of 0.9230. The indices L mn and FVSI show very less value in this case. The index POR also indicates the transmission line 5-2 as a most critical line but the value 0.8587 (for stable system POR > 1) indicates that the system has already been collapsed, but actually the system is still voltage stable. Therefore, the index POR is also not able to represent voltage stability of the system accurately in some cases. Therefore, these indices fail to provide accurate results. Similarly, for a load P = Q = 0.524 p.u. at node 27, the line 28-27 is the most critical line. Thus, the proposed index provides promising information regarding the voltage stability status of a transmission line.
Multiple load change
A practical electric power system consists of hundreds of nodes and loads changes simultaneously at several nodes. To prove the suitability of the proposed index, the loads are varied uniformly at all nodes up to the level of voltage instability. For the load level of 3.2 times of system's real load, the line 4-12 is the most stressed line as shown in Table 5 . It is observed from Table 6 that the line 10-9 is the most critical line for load level of 5.7 times of system's reactive load. Results of simulation for combined active and reactive loading are shown in Table 7 . For the load level of 2.73 times of both real and reactive system's load, the line 29-27 is the most critical line. Index L mn and FVSI are not able to detect the voltage collapse under this condition as their values are much less than one. The results are also supported by index POR. Therefore, the proposed index is a versatile index which is able to detect the voltage unstable condition under all type of conditions.
Figures 3-5 display the variation of the voltage stability indices namely L mn , FVSI, POR and DPVSI of the weakest node with an increase in loading factor (λ) (w.r.t. only real or only reactive or both real and reactive power loading for the constant power load model) in the IEEE 30-bus test system. It can be easily observed that when the loading is increased, the value of index POR declines, while the values of indices L mn , FVSI and DPVSI rise, and at the bifurcation point, indices approach to unity value. Figure 6 shows the voltage profile of the entire network for different types of loading pattern.
IEEE 118-bus
To prove the effectiveness of the proposed index, the tests are also performed on a larger IEEE 118-bus test system for different operating conditions. The results of simulation are presented below. 
Base case loading
The results of the base case are illustrated in Table 8 . It is observed from Table 8 that the highest value of DPVSI is 0.406332 for the line 27-25. The indices L mn (Moghavvemi & Omar, 1998) and FVSI (Musirin & Rahman, 2002) show higher values as compared to proposed index DPVSI for the lines connected between nodes 80-99, 92-100, 100-101 etc., where active and reactive powers flow in opposite direction. The direction of power flows is not considered in these indices and also neglects the effect of distributed parameters. The proposed index value is almost consistent with values of other indices (Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) for lines 37-38, 59-63 etc., where lines have 0 value of resistance and shunt admittance. The results obtained by proposed index are supported by the index POR.
Single load change
In this case, the load has been changed at one particular node at a time and all other loads are fixed at their base values. Literature reveals that the voltage stability is very sensitive to the flow of reactive power (Kessel & Glavitsch, 1986; Momoh, 1991; Taylor; Tiwari et al., 2012) . Therefore, the results for single load change with the reactive load only is illustrated in Table 9 . The reactive load at node 28 is increased gradually up to a level of 4.128 p.u. where the value of proposed index DPVSI reaches to 0.9987 for line 27-28. Therefore, the transmission line 27-28 is the most critical line, the value of index POR for this case is 1.0219. Therefore, the results are supported by the index POR. For the same loading, both the indices L mn and FVSI exceed unity. The load flow solution diverged for further addition of load at node 28, which confirms that the loading is critical and very close to voltage collapse point. Near unity value of proposed index at the points confirms that it is able to detect the maximum loading point. It is also observed that line 29-28 connected with the same node 28 is also close to instability. The same results are obtained for other critically loaded buses where the proposed index approaches to unity while indices L mn and FVSI exceed unity. Therefore, indices L mn and FVSI do not provide accurate estimation of voltage stability. The difference in values of DPVSI is on account of distributed parameters modeling approach. In some cases, a difference is observed in the identification of most critical line by proposed index and other indices as shown in Table  9 . This is due to fact that these indices are based upon approximation and therefore, the indices values are not correct representation of actual voltage stability of line. It is observed that the proposed index provides consistent results in all the cases. 
Multiple load change
In this case, the total load at each bus of a system is increased up to the level of voltage collapse. As shown in Table 10 for a loading factor 1.97, the index DPVSI of line 38-37 reaches at 0.9877, which shows that this line is in the critical state. The result is also confirmed by other indices.
Line reactive power margin estimation
The proposed index is also capable of measuring the reactive power margin of a line. Margin of reactive power can be measured by multiplying (1 À DPVSI) with maximum reactive loading. Maximum reactive loading is the permissible loading at which index reaches near unity value. Case study for IEEE 30-bus test system is presented below.
IEEE 30-bus: To estimate the line reactive power margin, randomly line 27-28 is chosen. At the node 27, reactive load is slowly varied till maximum reactive loading. The actual reactive power margin at any point is the difference between the maximum reactive load and the reactive load at that point. The maximum possible reactive load at bus 27 is 0.72 p.u. The estimated reactive power margin is the multiplication of maximum reactive load and (1 À DPVSI). The results are presented in Table 11 . From Table 11 , it is observed that for reactive load 0.5 p.u., the actual reactive power margin is 0.22 p.u. The estimated margin is 0.25 p.u. which is nearly equal to actual reactive loading margin available. IEEE 118-bus: To verify consistency of results, proposed index is also tested on IEEE 118-bus test system. Here to estimate the line reactive power margin, randomly line 117-12 is chosen. At the node 117, reactive load is slowly varied until power flow diverge and continuously line 117-12 is monitored. The maximum possible reactive load at bus 117 is 1.53 p.u. The results are presented in Table 12 and it is verified that proposed index is capable to measure reactive power margin.
Contingency analysis
To appraise the suitability of proposed DPVSI index to predict the voltage collapse during line outage of the system, single line contingency analysis is performed under base load by removing one line at a time (Devaraj, Preetha-Roselyn, & Uma-Rani, 2007) . The proposed index DPVSI and other indices are calculated from the solution of power flow. The critical lines are identified on the basis of DPVSI value, whose outage may instigate the voltage collapse. The outages of a line from the power system may overload other lines. The most stressed line can be identified by the maximum value of DPVSI. The results of contingency analysis of IEEE 30-bus test system at the base case are presented in Table 13 . An outage of line 6-7 leads to the highest value of DPVSI equal to 0.4000 for branch 5-2. The results are also confirmed by the index POR. The line 5-2 has significant value of series impedance and shunt admittance; therefore, the proposed index is higher than other indices (Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) for branch 5-2. The indices (Moghavvemi & Omar, 1998; Musirin & Rahman, 2002) don't count the relative direction effect and distributed parameters effect; therefore, they have shown inaccurate value. Conversely, the proposed index provides accurate results under all the conditions. Table 11 . Actual versus estimated reactive power margin of line 27-28 when reactive load at bus 27 is varied (30-bus) 
Conclusions
In the proposed work, a new voltage stability index, DPVSI, has been developed for voltage stability assessment. The novelty of index is that it is based on distributed parameters of the transmission line which is a meticulous representation of power system leading to precise indicator of voltage stability state. Stressed condition of a line can be monitored and reactive loading margin can be calculated online using proposed index. The work also contributes to assess local and global voltage stability of the power system. In this work, index value of individual line is indicative of local voltage stability while the maximum index value reflects the global voltage stability. Application potential of the work is explored on IEEE 30-bus and 118-bus test systems.
Funding
The authors received no direct funding for this research. 
Author details

